Investigation and modelling the effect of injection pressure on heat release parameters and engine-out nitrogen oxides are the main aim of this study. A zero-dimen
Introduction
Diesel engines have considerable advantages in the aspect of engine power, fuel economy and durability. They were widely applied in heavy-duty vehicles, also diesel engines have a great market share in small vehicles today [1] . Technological improvement of precise control technology with high pressure injection allows for a better control of combustion which is the source of pollutant emissions and diesel engine noise. European Parliament has mandated the further reduction of nitrogen oxides (NO x ) in Euro-6 emission legislations [2] . Common-rail high pressure injection systems provide drastic reduction in engine-out emissions, with low consumption of fuel and reduced level of combustion noise [3] [4] [5] [6] [7] [8] . In order to meet increasing environmental concerns and more stringent emission regulations, current researches are carried out aiming the reduction of emissions simultaneously while maintaining reasonable fuel economy and engine power [9] [10] [11] .
Modelling the physical processes of an internal combustion engine is one of the indispensable applications which provides adequate knowledge about the non-experienced test points and reduces the number of necessary experimental tests, which means lower developing cost. Engine models mainly constructed upon the mass, momentum and energy conservation equations. Accuracy of the outputs depends on the complexity of the model. Dimensionless single-zone models need lower computational times while maintaining satisfactory results for overall engine parameters and emission investigations [12] . Quasi-dimensional or so called multi-zone models are dividing cylinder into several sub-zones which interact with each other. The multi-zone models give better accuracy for combustion analysis due to the mass and heat transfer between constituent zones [13] . Neither single zone, nor multi-zone models can simulate the spatial distribution of chemical species. Computational fluid dynamic applications are capable of modelling in-cylinder turbulence, spray penetration, combustion, and emission formation but spatial computation needs high computational time [14, 15] .
The single-zone and the multi-zone models are relatively easy applications to develop and are optimum to operate, generally they only use conservation equations and neglect the behaviour of in-cylinder motion of the charge and detailed spray physics [12, 16] . The combustion phenomenon is calculated via the mathematical definition of the rate of heat release (ROHR) in these types of dimensionless models such as Wiebe functions [17, 18] . Several other simplification approaches or assumptions such as heat transfer and blow-by sub-models are well implemented in dimensionless simulations [19] . In order to calculate the rate of emissions, kinetic calculations can be added to dimensionless models, the complexity of kinetic model mainly determines the simulation time and accuracy of engine out emission predictions [20] . With implementing kinetic models NO x , unburned hydrocarbons, CO and CO 2 emissions can be modelled precisely [21, 22] . Nitrogen oxide kinetic is relatively slow when compared to hydrocarbon kinetic reactions, also nitrogen oxides keep formation out of the flame area, for these reasons NO x formation rates can be calculated with a separate mechanism which so-called as Zeldovich mechanism [23] .
Aim of this study is to model the effect of increased fuel injection pressure on ROHR Wiebe parameters and NO x emissions. A dimensionless, multi-zone thermodynamic model was developed based upon first law of thermodynamics and conservation of mass. Several sub-models implemented to calculate separate events such as the flows through valves, heat transfer, blow-by and injection. Model outputs validated with experimental results which obtained from a high pressure injection capable single cylinder research engine.
Details of thermodynamic model
This section gives a description of the main hypotheses and sub-models on which the thermodynamic model is based.
Basic hypotheses
Below-listed assumptions are made, (1) Chamber pressure was assumed to be uniform. (2) Three species were considered which are air, fuel vapour, and combustion products.
Temperature dependent specific heats of the species were obtained from JANAF polynomials [24] .
(3) Two distinct zones considered which are designated as burned and unburned, mass and energy conservation were considered between zones and zone temperature and volumes calculated with respect to crank angle degree (CAD). (4) Perfect gas behaviour was assumed to ease the calculation process. (5) Charge internal energy was calculated assuming bulk temperature in the chamber. (6) Heat transfer to the chamber walls was considered. Both convective and radiative heat transfer were calculated during cycle simulation. (7) Blow-by leakage was considered. (8) Simulation of fuel injection consists of the calculation of characteristic break-up time, instantaneous Sauter mean diameter (SMD) and heat of vaporisation according to the model developed by Hiroyasu et al. [25] . (9) An empirical combustion model was applied.
Model structure and sub-models
Entire model consists of four different stroke models and distinguishes each other with valve timings. The energy and mass balances were solved between 1-720 CAD, considering the combustion chamber as an open system due to the fuel injection, the inlet and exhaust of the charge and blow-by leakage through boundaries. The main results are the instantaneous pressure and temperature for compression and expansion strokes while the mass flow was also calculated during intake and exhaust strokes. According to the hypotheses 1, no spatial resolution of the thermodynamic properties was considered. Overall balance equation which applied in every CAD of simulation consists of the first law of thermodynamics for an open system as stated in eq. (1) . Differentiating the eq. (1) respect to CAD yields the eq. (2) which determines the general ordinary differential equation of the model. Figure 1 indicates the open system approach which the formulations depending on:
Thermophysical properties of the working fluid such as the specific heat and the enthalpy were computed using polynomials in eqs. (3) and (4) . Mass transferred from ring crevices through the crankcase is obtained by applying the model developed by Petris et al. [26] : 
Cylinder volume sub-model
The instantaneous cylinder volume was calculated according to piston motion equation [27] in eq. (5) and eq. (6):
Adiabatic flame temperature sub-model
Burned zone and unburned zone gas temperatures were calculated by using the ideal gas equation of the state in eq. (7) which was also necessary for the determination of specific heat of medium. During the combustion period, flame temperature reaches maximum value when conditions assumed to be adiabatic and radiative heat transfer depends on the flame temperature in burned-zone. Difference between the flame temperature and the average temperature is the main reason of the errors in heat transfer calculations. In order to calculate the temperature of the flame, molar concentrations of the species were obtained according to the combustion stoichiometry as described in eq. (8):
The adiabatic flame temperature was determined according to the Borman [28] by applying iterative solution for eq. (9):
Heat transfer sub-model Annand's heat transfer model [19] was used to calculate the instantaneous wall heat transfer, which considers both convection and radiation heat transfer as indicated in eq. (10) . Where the h c is the convection heat transfer coefficient and defined by the author as eq. (11). The average cylinder temperature was used for the calculation of non-combustion period heat transfer when the radiation heat transfer is negligible. The adiabatic flame temperature in burned zone was used to calculate radiation heat transfer during combustion period:
Fuel injection sub-model
Injected fuel quantity per crank angle was calculated according to eq. (12) . Discharge coefficient of the nozzle was determined by the series of laboratory experiments. Fuel injection quantity per given signal length was measured hence the nozzle rise time and the discharge coefficient was obtained:
Characteristic break-up time, instantaneous SMD and evaporation rate of injected fuel package were calculated with using eq. (13) 
Valve mass flow sub-model
Mass flow from valves during intake and exhaust strokes was calculated by using compressible flow equations adopted by Bowler [29] . Author indicated that the effective mass flow area of a poppet valve varies depending on the valve lift and can be categorized as three main cases. After defining the effective mass flow area, the total mass flow can be calculated according to eq. (16) and eq. (17) depending on the ratio of flow velocity to sound speed in the choke region. If the flow is choked which can be determined by eq. (15) than the mass flow can be calculated by using eq. (16), for the non-choked conditions mass flow can be calculated with eq. (17):
Rate of heat release sub-model
Engine combustion process was modelled by using the double-Wiebe ROHR curves which offered by Miyamoto et al. [18] . Considering the original equation of Wiebe [17] , Miyamoto developed combined model for the combustion of diesel engines. Double Wiebe takes into account both of the combustion phases that named as mixture controlled and diffusion controlled phases. Equations (18) and (19) are the mathematical description of premixed and diffusive combustion phases respectively. Total rate of heat release is the sum of both curves as described in eq. (20) 
Empirical two zone combustion model
Estimation of tail-pipe NO x emissions is not precisely possible without considering the local peak temperatures due to exponential temperature dependence of the chemical reaction mechanism of NO x . Single zone cylinder models are not capable to calculate combustion product temperatures, in order to overcome this drawback an empirical two zone combustion model which offered by Heider et al. [30] is implemented. Authors divided cylinder gases into two separate zones which called the burned and the unburned zones as indicated in fig. 2 .
Following assumptions are made for solving the two-zone model statements: -ideal gas behaviour for both zones was assumed.
-zones were isolated between them by infinite-thin boundary film. -Conservation of mass and energy were considered between zones. -Heat of reaction was completely released in burned zone. -Equivalence ratio in burned zone was approximately unity.
Conservation of mass was considered with applying eq. (21) while the instantaneous cylinder volume is the sum of burned and unburned zone volumes as described in eq. (22) . Pressure of zones was assumed to be same and equal to the in-cylinder pressure:
Mass of the burned zone was calculated as the sum of burned fuel mass and air required for the combustion with stoichiometric equivalence ratio as described in eq. (23), unburned zone mass was calculated with using eq. (21):
Conservation equation of energy of total system was solved for the calculation of zone temperatures, specific heats of zone mediums were considered as equal for the simplification hence conservation equation simplified to form written in eq. (24):
Solving the temperature and the mass of distinct zones with respect to CAD, makes it possible to calculate the zonal volumes with using ideal gas equation of state in eq. (25) .
NO x formation model
Thermal NO formation mechanism first offered by Zeldovich [31] and it was extended by Lavoie et al. [23] and Baulch et al. [32] . Thermal NO x formation mechanisms consist of three 
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Equations (26)- (28) are the skeletal mechanism of NO x model. Rate of reactions are kinetically controlled and have strong dependence on temperature. Rate constants of NO x model are given in form of the Arrhenius equation described as ATexp(-Ea/T), and listed in tab. 1. Forward and reverse rate constants were adopted into the NO x model from the study of Hanson et al. [33] . 
Methodology of ROHR regression
Non-linear multiple independent variable regression was implemented for determination of Wiebe coefficients. Matlab software was used for programming the regression. Goodness of each regression is estimated by a coefficient of determination which so called R 2 value in statistics. Solution of non-linear regression was made by using Gauss-Newton method where the intended coefficient of determination is 0.99. Initial values of m p and m d were set to 5 for each of Wiebe parameter, upper and lower limits was set to 50 and 0.1, respectively. Values higher than 50 indicate infinitesimally fast combustion which can not be occurred in real conditions.
Experimental set-up and methodology
The parameter adjustment process for the different sub-models is necessary due to the differences in test engines which mainly the result of the discrepancies of the combustion systems. In this study, validation of the model outputs for a better parameter adjustment was done with experimental data obtained from a diesel test engine. The experimental measurements were carried out on a single cylinder, high-speed direct-injection research diesel engine with 0.45 litre of displacement volume. Specifications of test engine are listed in tab. 2.
The engine was directly coupled to a DC electric dynamometer which controlled by a computer. Engine speed and position were measured with an incremental encoder that has resolution of 0.1 CAD. In-cylinder pressure measurements were carried out with a Kistler 6052 B piezoelectric pressure sensor, Kistler 5011 B charge amplifier, and a LeCroy wave surfer 24Xs 4 channel digital oscilloscope. In order to reduce the effect of cyclic variations 50 consecutive cy-cle data were logged than averaged. Nitrogen oxides were measured with AVL Dicom 4000 gas analyser. Scheme of the test system is shown in fig. 3 ., also accuracies of the measurements and uncertainties of derived variables are listed in tab. 3, which were calculated according to Kline and McClintock [34] .
Fuel injection system of the test engine was upgraded to electronically controlled high pressure injection structure from a mass production engine. Entire system consists of an injection pump, a rail, a relieve valve, a pressure sensor, and finally, a sac type nozzle injector. Schematic view of assembly of injection system is shown in fig. 4 . The injection system is capable to vary injection pressure between 200 to 1800 bar, injection pressure was set via release valve on rail. The selected rail capacity was large enough to compensate possible pressure fluctuations hence the injection pressure kept constant during injection. Fuel is injected into the cylinder in direct-injection engines both for diesel and gasoline types. Considering the ideal conditions for maximizing the cycle efficiency, fuel heat must be released infinitesimally short duration at TDC according to thermodynamics. While in real engine conditions it is not possible due to necessity of time for initialisation and progression of combustion. Therefore in order to provide enough time to related preparation process, injection is made with a time advance BTDC which is so called injection advance. A Siemens branded PLC was used to facilitate injection signals, where the data collected from the encoder was processed to set injection time precisely. Computer based programming interface was used to enter fuel injection advance and quantity per cycle. Effect of injection pressure on engine performance outputs were investigated by injecting equal amount of fuel both in high and low pressure injection scenarios while engine speed were kept constant. Engine power, brake specific fuel consumption (BSFC), in-cylinder pressure, NO x emissions were measured at steady-state conditions. Details of test conditions are summarized in tab. 4.
Results

Engine performance and NO x
Generally, high pressure injection results in smaller spray droplets and shorter injection periods. The well atomized spray shortens the ignition delay, it is commonly believed that the benefit of high injection pressure is the reduction of particulate matter and the injection timing can be retarded as to reduce NO x . There was no performance improvement observed with P1200 mode, where the measurements were in the range of system uncertainty. According to in-cylinder pressure measurements, increased injection pressure affected the combustion parameters as shown in figs. 5 and 6. Ignition delay is defined in literature as a time be- tween the start of injection and start of combustion, both of which have to be measured separately [35] . In current study, start of injection time is considered as the time when the signal created by PLC, delay between the signal and the actual rise of the needle wasn't taken into consideration. Start of combustion is determined via ROHR curve. The ignition delay of injected fuel reduced 0.4 CAD with P1200 operation mode and similar effect observed in premixed combustion phase duration which reduced 0.2 CAD. The ignition delay of the test engine is relatively high when compared to modern common rail diesel engines; this can be attributed to rather old combustion chamber design which was optimised for in-line pump nozzle system. ROHR of premixed combustion phase increased 1.75% with P1200 operation mode.
Obtained results indicate the occurrence of shorter mixture formation duration which possibly is the consequence of the increase of spray penetration. Lower delay of ignition caused an early pressure rise in P1200 mode, also higher ROHR in premixed combustion resulted higher maximum in-cylinder pressure as shown in fig.  7 . ROHR of P1200 and P1000 with respect to CAD are shown in fig. 6 , where the initiation of combustion of P1200 is earlier while the peak reached to higher values when compared to P1000. Early pressure rise and consequent bulk temperature increase leaded higher NO x emission in P1200 operation mode, 10.5% increase observed in engine-out NO x emissions as noted in fig. 7 . Despite the lower duration of ignition delay and higher ROHR peak in P1200 operation mode, there were no considerable difference observed in maximum in-cylinder bulk temperatures while rise of P1200 was earlier than P1000. From the view of this point it can be concluded that the early temperature rise also has a significant impact on thermal NO x formation.
Model outputs
Model parameters were adjusted to satisfy the experimental measurements which were mainly the heat transfer coefficients of Annand heat transfer model, blow-by leakage and ROHR model. Heat transfer in non-combustion phase has to be adjusted exactly for a better estimation of the in-cylinder pressure of the compression stroke. Combustion phase heat transfer mainly constituents of radiation and conduction, where the adiabatic flame temperature be- figs. 8 and 9 , in spite of being quasi-dimensional of the model constructed in this study, it exposed satisfactory results which are offering an effective solution for in-cylinder pressure estimation.
The model output for the formation of NO x emissions are shown in fig. 10 , for both of P1000 and P1200 operation modes. Single-zone models can not satisfy the accuracy of the NO x formation due to the assumption of uniform temperature distribution and lack of the differences in concentrations of reaction zones. Therefore multi-zone models are necessary for the modelling of DI diesel NO x chemistry.
Well-known factor that strongly affect the concentration of engine-out NO x emissions is the peak temperature of burned zone, while duration of mentioned high temperature region impacts the formation rate as can be concluded from the fig. 10 . Variation of the temperature of burned-zone with respect to CAD becomes significant for NO x formation at around freezing temperatures which the increase in the concentration of NO x is almost become negligible. One can easily conclude that the duration of high temperature environment is as important as the peak temperature of burned-zone for the formation of NO x . Nitrogen oxide kinetic model revealed satisfactory results with calculated burned-zone temperatures. Shorter ignition delay and higher ROHR of P1200 successfully simulated with thermodynamic model hence burned zone temperatures and model-out NO x emissions are in harmony with experimental data.
Conclusions
Aim of this study is to model the effect of increased fuel injection pressure on ROHR parameters and NO x emissions. A dimensionless, multi-zone thermodynamic model was devel- oped; model calibration was made with an experimental data obtained from single cylinder, DI diesel engine. An electronically controlled high pressure fuel injection system was adopted on a research engine which can vary injection pressure between 200 and 1800 bar also it is capable to advance of the injection and number of the injection per cycle simultaneously via a computer. 1000 and 1200 bar of fuel injection pressure were investigated while injection advance, injected fuel quantity and engine speed were kept constant. According to the results of experimental and simulation data, obtained conclusions can be listed as: · There was no performance improvement observed with P1200 mode, where the measurements were in the range of system uncertainty. · The ignition delay of injected fuel reduced 0.4 CAD with P1200 operation mode and similar effect observed in premixed combustion phase duration which reduced 0.2 CAD. ROHR of premixed combustion phase increased 1.75% with P1200 operation mode. · 10.5% increase was observed in engine-out NO x emissions · Multi-zone cylinder model estimations reached 99% R 2 while nitrogen oxide kinetic model revealed satisfactory results with calculated burned-zone temperatures.
The developed model can calculate both thermodynamic and kinetic processes in acceptable computing time scales. Computational efficiency of these types of dimensionless models eases the estimation effort of un-experienced parameters for engine developers. Further improvement of the model described in this study will be the integration of a reduced kinetic model instead of partial equilibrium approach in order to consider hydrocarbon chemistry.
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